Using a model reaction we have studied the crwlinking chemistry of hydroxy-functional polymers and hexamethoxymethylmelamine. The transetherification of optically active monofunctional alcohols and hexarnethoxymethylmelamine was monitored with polarhetry and 1H-NMR. The reaction rate constants for both the forward (k,) and the backward (k -,I reaction of the sulphonic-acidcatalyzed alcoholysis were determined. Primary and secondary alcohols showed the same reaction rate and activation energy (E, = 96 kJ/rnol) for the fomard reaction. However, the backward reaction in the equilibrium is considerably slower for primary alcohols than for secondary alcohols, with activation energies of E,, = 96 and 79 kJ/mol, respectively. When amine salts of sulphonic acids are used as catalysts, the E , is increased from 97 to 116 kJ/mol in the case of primary alcohols. In concentrated aprotic solutions the reaction order in acid is 2.5. The same order in acid is found for the alcoholysis of acetaldehyde diethyl acetal. All the results strongly support the statement that the crosslinking reaction proceeds by 811 Sn-1 mechanism. The results of this model study are compared with results obtained in network-forming reactions. The important role of the evaporation of the condensation product methanol is discussed.
INTRODUCTION
Thermoset coatings based on hydroxy-functional resins and melamineformaldehyde crosslinking agents are widely used. Knowledge of the kinetics and mechanism of the crosslinking reaction is of the utmost importance for the understanding of the network structures. This in turn determines the ultimate properties of the coating. Most mechanistic studies have been based on measurements during the formation of the network.
High functionality and mixed compositions of the resins and crosslinking agents hampers the elucidation of the mechanism. Therefore, most studies deal with the crosslinking agent hexamethoxymethylmelamine (HMMM). It consists of only one type of functional group, which undergoes under acid conditions only one reaction: transetherification. l1 Applications of HMMM are found in high-solids coatings. 12 Although the crosslinking reaction of HMMM and alcohols has been under investigation for about two decades, controversy concerning the mechanism is still prevalent. The overall reaction of HMMM with a hydroxy-functional polymer is given by Evaporation of methanol from the film is essential for complete crosslinking. It has been proposed that the specific acid catalyzed reaction proceeds via a carbonium ion." Support for this statement is given by Bauer and Budde in their study of the crosslinking kinetics of hydroxy-functional acrylates and HMMM.l0 They determined the extent of the reaction by using infrared spectroscopy. The difference in reactivity of primary and secondary alcohols with HMMM prompted Holmberg to suggest that the reaction must proceed via an Sn-2 mechanism. l3
An appropriate model study provides detailed information concerning the mechanism of the reaction of HMMM with alcohols in solution. Once the behavior in solution is known the influence of the formation of a polymeric network on the reaction kinetics can be investigated. To date, only one model study has been published indicating that both Sn-1 and Sn-2 occur; the results, however, were misinterpreted. l4
In this paper the results of the reaction of HMMM and optically active alcohols under acid catalysis are reported. An Sn-1 mechanism is proposed, which clarifies the different kinetics found in the network-forming reactions.
EXPERIMENTAL

Materials
Hexamethoxymethylmelamine (Cyme1 300, American Cyanamid), 1-2methyl-1-butanol (prim. active Amy1 alcohol, Fluka) and d-2-octanol (Aldrich) were used as supplied. Acetaldehyde diethyl acetal (Merck-Schuchardt) was distilled prior to use in order to remove traces of acid. The pyridine salt of 4dodecylbenzene sulphonic acid was prepared according to a known procedure and purified by crystallization from acetone. 16 For the kinetic measurements standard mixtures of alcohol and hexamethoxymethylmelamine in dioxane and of p-toluene sulphonic acid (or pyridine salt of 4dodecylbenzene sulphonic acid) in dioxane were prepared. The latter was dried over MgSO, to remove the hydrated water of the acid.
Polarimetry
Polarimetry is a classical method of quantitative analysis. It consists of measuring the angle of rotation (a) of linearly polarized light. The rotation is caused by the asymmetric chemical structure of the sample, through which a beam of polarized light is passed, and the angle is a linear function of the concentration. When an optically active compound A with [a] = a is transformed into another B with (a] = b, the observed optical rotation in which a, =a at equilibrium, a o = a at t =0, and a , = a at t = t . From the slope of the plot ln(a,-a,) versus time we determined the sum of the forward and backward reaction rate constants ( k l +k-,). For this type of determination it is not necessary to know the absolute angle of rotation for the individual components. A few assumptions have to be made when this technique is used for the reaction of HMMM with optically active alcohols. We have to assume that the angle of rotation is linearly dependent on the concentration of alcohol, mOR*], and of optically active ether linkages, [ )NCH,OR*]. The latter means that the angle of rotation of one optically active ether group in melamine is not influenced by the introduction of another. It is also necessary to assume that the reactivity of each methoxy group is the same. Thus HMMM has to be regarded as being equivalent to six identical functional groups. The experimental results suggest that these assumptions are reasonable. The measurements were performed in a thermostatted cell compartment of a Perkin-Elmer 144 polarimeter equipped with a chart recorder. The temperature ranged from 50 to 8VC, and was kept constant within 0.2"C. The optical rotation at the wavelength of 578 nm was followed with time.
IR and N M R Spectroscopy
We used infrared and nuclear-magnetic-resonance spectroscopy for the determination of the equilibrium constant, K, = k, lk -1. When IR is employed, the ratio of absorptions at i j = 915 cm-l (CH20CH3) and i j = 815 cm -1 (triazine ring) is characteristic for the extent of the transformation of methoxy groups to alkoxy groups. In duplicate experiments substantial differences were found, probably caused by changes in morphology or film thickness. IR spectra were recorded with a Pye Unicam SP3-300 spectre photometer. Better results were obtained using H-NMR spectroscopy. Two pairs of related absorption could be integrated. First, the methoxy group of HMMM (6=3.36 ppm) versus the methanol CH3-group (6=3.42 ppm). Secondly, the singlet for the methylene group of ,NCH,OCH, (6=5.12 ppm) is clearly separated from the methylene group of ,NCH, OR* (6=5.15 ppm). lH-NMR spectra were performed with a Bruker WP-80-SY Fl' spectrometer. catalytic amount of p-toluene sulphonic acid (PTSA) was studied first. In Figure 1 , the optical rotation a is presented as a function of reaction time for a typical experiment. The dependence of a with time clearly obeys the relation for first order reactions, as outlined in the experimental part. In Figure 2 the reaction rate constant (k + Kis presented as a function of temperature and concentration. The individual rate constants for forward and backward reaction are given in Table I . The methoxy-tehydroxy ratio was 1. From the slope of the lines we calculated the activation energy to be E , = 96 kJ/mol. The activation energy appeared to be independent of PTSA concentration. At all temperatures measured the equilibrium constant was established at I(, = 0.67 k 0.1 indicating IAH + 4 kJ/mol. In the next experiment the optically active secondary alcohol, d-2-octano1, was used. The results are given in Table 11 . Arrhenius plots were made for both the forward (k 1) and the backward reaction (k -1 1. From the slopes we calculated E , = 96 kJ/mol and E, = 79 kJ/mol for k, and K-, , respectively.
RESULTS AND DISCUSSION
Again the activation energies are independent of acid concentration. The equilibrium is endothermic with AHe = 8 kJ/mol. Within experimental error the forward reaction rate constants of the secondary alcohol are equal to those of the primary alcohol. However, the reaction rate constants for the backward reaction of the secondary alcohol are substantially larger than those of the primary alcohol.
To compare primary and secondary alcohols it is useful to consider the activation parameters of the reaction of both alcohols with HMMM. These results are presented in Table I11 (1-2-methyl-1-butanol) and Table IV (cl-Z-octanol). The tabulated values are the average of measurements at two different concentrations of reactants. Again, the activation parameters for the forward reaction of primary and secondary alcohol are equal. These results strongly support an Sn-l mechanism for the substitution reaction, which proceeds via a carbonium ion or an iminium ion:
The electronic stabilization of the intermediate ion makes the Sn-1 path feasible. Whether the ion is formed by protonation of the oxygen or of the amino nitrogen external to the ring of the melamine is unclear. It is known from other Sn-1 reactions, that the leaving-group capability increases in the order methanol, 2-methyl-1-butanol, 2-octanol. l6 This is reflected by the different reaction rate constants and activation parameters found in the reactions of HMMM with alcohols.
Rate Expression of the Reaction
In order to find the rate expression of the catalyzed reaction of HMMM and I -2-methyl-1-butanol in dioxane (at the temperature of 65°C) we studied the relation between reaction rate constant and concentration of reactants and catalyst. Since we were interested .in a good model for the curing of coatings we studied reactions at high concentration. However, the dependence of reaction rate at high reactant concentration is difficult to investigate in detail. Changes in polarity of the reaction medium will undoubtedly influence the results. A rough estimate indicates that the reaction rate (kl + k J is proportional to the reciprocal of the HMMM concentration and to the reciprocal square root of the alcohol concentration. Measurements with different catalyst concentrations in the model reaction are easier to perform. Figure 3 shows that the rate of reaction is proportional to the acid concentration by a power of two and a half. At first sight this result is unexpected and puzzling.
Several questions now arise. Is there a deactivation of the acid by the triazine ring? l7 Are dicationic species involved? To obtain better insight into this transetherification of alcohols and HMMM, we studied the reaction OT 1 -2-methyl-1-butanol and acetaldehyde diethyl acetal at the temperature of 65°C. The hydrolysis of acetals and ketals has been studied in detail and an Sn-1 mechanism is generally accepted.
The transetherification is expected to proceed by the same mechanism. In Figure 4 it is shown that a plot of (k + k - Obviously the mechanisms are closely related. Hence, it is not expected that the triazine ring will deactivate the acid. A reaction order in acid catalyst between 2 and 3 was observed earlier for several reactions in apolar media.
Latent Catalysts
Pappas and Hill noted that high AH* and positive A S values are demanded for coatings with an excellent potlife in combination with fast cure at low temperatures.21 Latent catalysts have to fulfill these requirements. Several experiments were employed to study the difference in catalytic activity between a sulphonic acid and its amine salt in the model reaction.
To a 1:l mixture (on the basis of functional groups) of HMMM and 1-2methyl-1-butanol without solvent was added PTSA (2) or the pyridine salt of Modecylbenzene sulphonic acid (3) . From the Arrhenius plots we calculated a n increase in E , from 97 kJ/mol to 116 kJ/mol going from 2 to 3. Considering the activation parameters for both reactions, we observed a shift in AH:, whereas for 3 the activation entropy was slightly positive ( A S = +29 J/mol-K). Extrapolation of the reaction rates indicates that both catalysts possess equal catalytic activity at a temperature of 149'C. The reactions carried out with different concentrations of 3 indicate that in this case the reaction order in catalyst is between 1 and 2, contrary to the value of 2.5 for PTSA (2). This result shows that an amine salt of a sulphonic acid fulfils the requirements needed for a latent catalyst. 
Model Reaction Versus Network-Forming Reaction
The study of the reactions between HMMM and alcohols presented in this paper is the first model study of the crosslinking of polymers with hydroxyl functional groups and HMMM. Wicks and Hsia published some kinetic data on the transetherification of a model compound for HMMM with +trahydrofurfural alcohol. l4 No valid interpretation was given. In their study they monitored the disappearance of a model compound for HMMM as a function of time, when it is brought into reaction with tetrahydrofurfural alcohol. Using two different ratios of [NCH,OCH,] : [ROH], to wit 1:l and 1:3, they found that the difference in rate of disappearance of the model compound for both runs at all time intervals was given by a factor of approximately 1.5. They concluded that this result supports a mechanism in which both Sn-1 and Sn-2 reactions are occurring. However, from our results it is clear that at equilibrium the disappearance of the model compound will be 44% and 68%, respectively. The difference is a factor of 1.55 and since the equilibrium will be reached for both runs at the same time, this factor of 1.55 will be found at all time intervals. Hence, contrary to the interpretation of Wicks and Hsia, their results support a n Sn-1 mechanism.
With the knowledge of the mechanism of the reaction between HMMM and alcohols in solution, it is worthwhile studying the influence of the simultaneous formation of a polymer network on the reaction kinetics. The film formation of polyols and HMMM has been studied by several groups leading to the following conclusions: (a) the reaction is specific acid cata-l~z e d ,~l o>) polymers with primary hydroxyl functional groups react faster than polymers with secondary hydroxyl group^,^^^^ (c) for the PTSA catalyzed reaction E, = 52 kJ/mol, whereas E, = 88 kJ/mol when a PTSA mine salt is used,l0 (d) the rate constant in the film formation is proportional to the acid concentration,1° (e) an increase in hydroxyl value of the polymer leads to faster curing and harder films,13,23 (0 hexabutoxymethylmelamine (HBMM) reacts more slowly than HMMM.= At first sight some of these results contradict the resuIts of our model study. However, we propose that during network formation the rate determining step is the result of a combination of reaction rate and evaporation rate and evaporation rate of the condensation product methanol. The role of the latter has always been underestimated, expecially in thin films. Our study indicates clearly the importance of the evaporation rate in crosslinking reactions where equilibria are involved. The evaporation rate is diffusion controlled and concentration dependent. The diffusion will be hampered due to interactions between methanol and resin. When the methanol is not evaporated immediately the backward reaction will determine the extent of the reaction. Hence, polymers with primary alcohols react faster than polymers with secondary alcohols.
The importance of the evaporation rate is also shown by the comparison of HBMM and HMMM in the same crosslinking reaction. Despite the expected faster forward reaction of HBMM and an equilibrium constant of almost unity, the crosslinking is slower for HBMM. Obviously the slow diffusion of n-butanol (compared to methanol) is involved. Finally, the difference in activation energy for the model reaction and the film forming are plausible when the role of the evaporation rate is taken into account.
CONCLUSIONS
In this paper we have presented a model study for the crosslinking of coatings consisting of hydroxy-functional polymers and hexamethoxymethylmelamine as crosslinking agent. The kinetics of this acidcatalyzed reaction were established with polarimetry. This technique was found to be very suitable for studies of the influence of several catalysts and different reactants on the rate of the crosslinking reaction. To the best of our knowledge it is the first time this polarimetry technique has been applied for kinetic measurements in polymer chemistry. The model reaction strongly supports an Sn-1 mechanism for the transetherification of HMMM. The differences observed in the reaction rates of primary and secondary alcohols were due to the differences in leaving group capability of the alcohols. The substitution reaction proceeds via an intermediate (carbonium or iminium) ion. The electronic stabilization of this ion makes the Sn-1 path feasible. Substantial differences in kinetics are observed when the model reaction is compared with a film-forming reaction. We propose that the slow e v a p oration of the condensation product is partly rate determining for the crosslinking reaction. This study proves that the elucidation of a crosslinking reaction is only possible with low-molecular-weight components avoiding the formation of a polymer network. Once this mechanism is known, the role of the polymer network on the reaction kinetics can be determined.
